Banded iron formations (BIFs) are prominent sedimentary deposits in Earth's Precambrian rock 31 record, consisting of alternating iron-rich (hematite, magnetite and siderite) and silicate/carbonate 32 (quartz, clay-like minerals, dolomite and ankerite) layers. On the basis of chemical analyses from BIF 33 units of the 2.48 Ga Dales Gorge Member of the Hamersley Group in Western Australia, it was 34 previously suggested that most, if not all, of the iron in BIF could have been oxidized by anoxygenic 35 phototrophic bacteria (photoferrotrophs) at cell densities considerably less than those found in modern 36
INTRODUCTION 52
It is widely accepted that during the Precambrian, photosynthetic planktonic bacteria were involved 53 in the oxidation of dissolved Fe(II) and the resultant precipitation of Fe(III) that led to BIF deposition 54 (see Köhler et al., 2010 ; Posth et al., 2013 for reviews). Two possible roles are envisioned. The first 55 is predicated on the presence of ancient cyanobacteria (e.g., Cloud, 1973 ) that produced oxygen that 56 reacted with dissolved Fe(II) to form ferric oxyhydroxide phases (e.g., Chan et al., 2016 ) such as 57 ferrihydrite (Fe[OH] 3), the likely precursor sediment to BIF (see Bekker et al., 2014) . These oxygenic 58 phototrophs would have flourished whenever bioessential trace elements were available, creating 59 "oxygen oases" in the upper water column (Olsen et al., 2013; Swanner et al., 2015) , perhaps as early3 as 3.0 Ga (Planavsky et al., 2014) , if not earlier (see Satkoski et al., 2015; Frei et al., 2016) . The 61 second, and arguably the more ancient role, is ascribed to anoxygenic photosynthetic bacteria that 62 used Fe(II) as a reductant for CO2 fixation (e.g., Garrels and Perry, 1974; Ehrenreich and Widdel, 63 1994) . Although the Fe(II) oxidation rate of these photoferrotrophs is dependent upon light intensity, 64 they can grow in low light regimes befitting the deeper marine photic zones (e.g., Biebl and Pfenning, 65
1978; Crowe et al., 2008) ; it has been estimated that sufficient light for their metabolism could 66 penetrate up to 100 m ocean depth . Therefore, these microorganisms could 67 easily have oxidized all the upwelling Fe(II) before it met oxygenated surface waters (if these existed) 68
in Archean oceans. Moreover, Jones et al. (2015) recently suggested that photoferrotrophs could also 69 have exhausted dissolved phosphorous in upwelling waters, depriving cyanobacteria in overlying 70 waters of this key nutrient. Assuming that Fe(II) oxidation was restricted to the upper 100 meters of the water column, then a 78 minimum cell density of ~5 x 10 4 cells ml -1 would have been required to precipitate an annual BIF 79 layer (Konhauser et al., 2002) . Once the anoxygenic or oxygenic phytoplankton died, some of the 80 cellular remains would have settled through the water column with ferrihydrite particles and been 81 deposited at the seafloor as the precursor sediment to BIF. These biomass-ferrihydrite aggregates then 82 served as a substrate for bacteria performing dissimilatory Fe(III) reduction (DIR) within the 83 sediments, leading to the oxidation (and loss) of organic carbon, as well as the early diagenetic 84 7 Precisions based on the repeated analysis of standards, expressed as 2 relative standard deviations 157 (RSD), ranged from <3% for rare earth elements analyzed in low resolution to 4-8% for transition 158 metals analyzed in medium resolution. 159
Growth of Rhodovulum iodosum 160
The basal salts and NaHCO3 of marine phototroph (MP) medium for the cultivation of R. iodosum 161 were prepared according to the protocol described by Wu et al. (2014) . Sterile additions made after 162 autoclaving included 3 mg L Media (100 mL) was dispensed into 200 mL borosilicate glass bottles and sealed with butyl 180 rubber stoppers to maintain anoxic conditions. All glassware was of borosilicate composition, and 181 was acid-washed in 1N HCl for 24 hours, then soaked in ultrapure water (conductivity 0.0555 μS) for 182 at least 48 hours, then rinsed with fresh ultrapure water to remove adsorbed metals. Butyl rubber 183 stoppers were acid-washed in 1N HCl for 24 hours, and then boiled three times in ultrapure water. 184
Experiments were inoculated to 1% (v/v) with a log-phase culture. All experiments were 185 conducted in triplicate. Cultures of R. iodosum were incubated at a constant intensity of 12.82 μmol 186 photons m -1 s -1 from a standard 40W tungsten light bulb at 24°C under static conditions. Because H2 187 was the electron donor for photosynthesis, H2:CO2 (80:20) gas was flushed through the headspace 188 every 2-3 days. 189
Metal Assimilation by Rhodovulum iodosum 190
The concentrations of all metals in trace element and vitamin solutions were determined using a ICP-191 OES (Perkin Elmer Optima 5300 or Horiba Ultima 2) or ICP-MS (Thermo Scientific Element2). To calculate the removal of trace metals from seawater to R. iodosum surface functional 218 groups, we first determined the number of deprotonated ligands at pH 8 using the Martinez et performed for this study; see Table S1 ), we calculate an average concentration (in mg kg -1 ) for P 277 (941.0), Zn (17.9), Co (3.9), Cu (5.7), Ni (10.1), Mo (1.4), Cd (1.2) and Mn (240.0). Using the annual 278 mass calculated above, this is readily translated into an average annual flux (in moles; see Table 1A) (Williams, 1998) . 292
Cyanobacteria in the Hamersley Basin photic zone would thus need to achieve net O2 production rates 293 that are at the lower end of what is observed today. Assuming a 100-meter photic zone and a 294 cyanobacteria cell-specific O2 production rate of 50 fmol cell , needed to form BIF. This 296 13 cell density is unrealistically low considering that it assumes a maximal rate of oxygen production 297 under optimal light and nutrient conditions in culture (Tang et al., 2014) , but is important nonetheless 298 in that it quantitatively demonstrates for the first time that relatively small populations of 299 cyanobacteria could readily have generated the oxidizing equivalents required for BIF deposition. 300
Interestingly, the modest depth-integrated O2 production rate required to oxidize the Fe We emphasize that the above calculations correspond to the minimum number of cells 322 required to precipitate BIF, not the maximum carrying capacity of the water column. They also 323 disregard cell turnover, which is an important factor when considering the total amounts of metals 324 that would have been associated with sinking biomass over the course of BIF deposition (see below). 325
Finally, these calculations ignore the possibility of alternative oxidation mechanisms such as UV 326 photo-oxidation or atmosphere-derived oxidants such as hydrogen peroxide. Several studies suggest 327 these mechanisms are of less importance than the biological oxidation mechanisms we explore here 328 (e.g., Konhauser et al., 2007b; Pecoits et al., 2015) . 329
Potential contributions from trace elements assimilated by photoferrotrophic biomass 330
In terms of trace element assimilation, we determined that a population of R. iodosum cells at 331 stationary phase incorporated from the 1X medium the following (average in µg g (Table 1B) . 350
The quantity of trace elements adsorbed by R. iodosum 351
Using the calculated sorption values for R. iodosum (methods above; Table S4 Table 1C ). Importantly, for most elements analyzed, we calculate that intracellular 358 assimilation of metals accounts for between one to four orders of magnitude more metal than does 359 adsorption to surface functional groups at seawater conditions (Table 1D) . Accordingly, we consider 360 assimilation to be the more important mechanism for the concentration of metals by R. iodosum 361 biomass. Cd, which is a notable exception, likely has a more restricted role in metalloenzymes (e.g., 362
Price and Morel, 1990); metal adsorption to bacterial surfaces is predicted to account for over 90% 363 of the overall Cd uptake. 364
To test the sensitivity of the R. iodosum adsorption model to variations in initial seawater 365 compositions, several iterations were run for three different seawaters conditions (Tables S2, S4) . This variability will change the ratio of ferric iron to organic matter produced, but it will not change 392 phytoplankton P to trace metal ratios. Given that the evolution of phytoplankton C:P ratios are 393 difficult to estimate (Planavsky, 2016; Reinhard et al., 2017) Table S5 ). 399
For cyanobacteria, using the same cell population, we calculate annual biomass contributions via 400 assimilation as follows: P (6.78 x 10 Table 1E ). (Table 1D) Figure 1B we present the case for simulated seawater containing trace elements in 452 photoferrotroph-like proportions to mimic a Paleoproterozoic water column where -like today -trace 453 elemental ratios in seawater reflect the average composition of phytoplankton (Sunda, 2012) . We find 454 that at low sorbent/sorbate ratios (low concentrations of ferrihydrite), sorption is incomplete, and 455 surface adsorbed species are fractionated relative to the original fluid ( Figure 1B) . As the 456 sorbent/sorbate ratio is increased, surface concentrations on ferrihydrite decrease (c.f. the trend to 457 lower elemental exit fluxes with increasing local ferrihydrite concentrations in Figure 1B) , however, 458 elemental fractionation no longer occurs between ferrihydrite and the aqueous phase as sorption tends 459 to 100% of available trace elements. In our adsorption models, this occurs between 500 and 5000 460 Second, much of the biomass (including cyanobacteria, other phototrophs and non-497 phototrophs) was degraded prior to burial and DIR. Today, global organic carbon burial efficiencies 498 are well below ~1% of net marine primary productivity (Raven and Falkowski, 1999) , with most 499 organic carbon respired using dissolved oxygen or sulfate as the terminal electron acceptors 500 (Middleburg et al., 1993) . With much lower dissolved oxygen and sulfate levels than the modern, it 501 is thus likely that DIR was the predominant respiratory process during BIF deposition. Based on the 502 potential amount of biomass generated photoferrotrophically with the reducing equivalents required 503 for magnetite formation, Konhauser et al. (2005) hypothesized that 3% of the phytoplankton biomass 504 was buried and then oxidized in the sediment pile via DIR. More recent estimates using the C isotope 505 22 and magnetite mass balance in BIF have put initial Corg burial efficiencies at nearly 5% (Li et al., 506 2013) . 507
An important consideration in our model is that if only 5% of the organic carbon produced by 508 plankton was buried and then oxidized via DIR, the other 95% was degraded by other processes (e.g., 509
fermentation, methanogenesis) while settling through the shallow water column (~100 m for the 510 continental shelf) or most likely, while deposited at the seafloor. The importance of the latter two 511 metabolisms cannot be overstated because both result in the removal of biomass in the form of 512 fermentation products (e.g., H2, lactate, acetate, CO2) or methane gas, but with the trace elements 513 originally sorbed to the biomass now liberated into the pore waters. Indeed, in modern anoxic tidal 514 flats 13 C-labelled glucose was shown to be almost completely fermented within just two days to 515 acetate, ethanol, formate and H2 (Graue et al., 2012) . Moreover, in Kabuno Bay, DR Congo, 516 fermentation, sulfate reduction, and methanogenesis occur alongside DIR, and the net result is that 517 ferric oxyhydroxides escape reduction and make it to the sediment pile (Llirós et al., 2015) . 518
In short, we argue that decaying biomass was likely an important source of trace elements to 519 the Dales Gorge Member, and that standing stocks of phytoplankton, especially photoferrotrophic 520 biomass, would have been capable of supplying this flux. Remineralization of their biomass 521 subsequently liberated significant quantities of trace elements back into the water column and into 522 pore-waters to feed further growth. Interestingly, many trace elements in modern marine 523 environments exhibit nutrient-like behaviour (e.g., Cd, Cu, Ni, Zn), meaning that they are generally 524 drawn down to nanomolar concentrations in the photic zone because of biological utilization. With 525 depth in the water column they are then liberated from sinking biomass via grazing and organic matter 526 remineralization (Suess, 1980; Henrichs and Reeburgh, 1987) , thus leading to their regeneration and 527 enrichment in deeper waters at elemental ratios reflecting the average composition of phytoplankton 528 (e.g., Bruland and Lohan, 2003; Sunda, 2012; Biller and Bruland, 2013) . Accordingly, there is a 529 23 strong correlation between intracellular and dissolved seawater elemental stoichiometries in modern 530 marine environments (Moore et al., 2013) . As these deeper waters are again brought onto the shelf, 531 the trace elements fuel further picoplanktonic growth. However, where BIF depositional settings 532 differ is that they formed in relatively shallow waters where recycling would have taken place at the 533 seafloor and where the accumulated mass of precursor phases to BIF (ferric oxyhydroxides) then 534 acquired the biologically-controlled trace element stoichiometries in bottom water or porewaters. This 535 acquisition could have occurred through particle aggregation and progressive element capture or 536 during mineral aging with trace element exchange during particle settling. Either ways we propose 537 that through these processes BIF themselves became a permanent recorder of ancient phytoplanktonic 538 activity. 539
CONCLUSIONS 540
The strong biological requirement for trace elements by marine phytoplankton promotes the export 541 of these elements from the photic zone. Using new constraints on trace element assimilation and 542 adsorption by photoferrotrophs, we demonstrate that photoferrotroph populations in the past would 543 have cycled annual amounts of trace elements that are comparable to the total BIF exit flux. 
